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ABSTRACT 

The impact of planing surfaces on w^ves is analyzed according to 

an extension of the theory for smooth-water impacts In a way that takes 

account of the influence of wave kinematics.    Impacts of the type incurred 

by seaplanes,  in which the weight of the craft  is sustained by wing lift, 

are studied.    Data for planing, which Is a special case of impact, are 

used to obtain the needed relationship between virtual mass and hull 

geometry. 

Impact tests with two models having different amounts of warp, or 

longitudinal variation of deadrise are compared with theoretical calcula- 

tions.    It  Is felt that the chines-dry planing characteristics used In the 

calculations, which were obtained by extrapolation of chines-wet data, 

were overestimated; more so for the hlgh-warp model than for the  low-warp 

model.    Certain observations are made concerning the influence of trim, 

deadrise, beam loading, glide path, warp rate and waves on the Initial 

stages of the Impact, when the vertical velocity Is practically uniform, 

on the basis of the derived differential equation of motion.    Complete 

calculations for  Impact  In waves have not yet been carried out. 

Additional experiments to determine the effect of warp rate on 

chines-dry planing characteristics would be very useful. 
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NOMENCLATURE 

A amplitude of wave elevation, ft 

a a factor defined by Eq. (**) 

b maximum beam at chine, ft 

CA static beam loading coefficient, A0/pgb
a 

CLb planing lift coefficient, L/^P vV 

c wave celerity, ft/sec 

e base of natural logarithms 

F force (with subscript denoting component), lb 

g acceleration due to gravity, 32.2 ft/sec3 

L planing lift, normal to undisturbed watersurface, lb 

L. keel wetted length, ft 

m mass of seaplanes, slugs (also, a variable) 

m virtual mass, slugs 

p Impact parameter, y/i slnT 

4 Instantaneous horizontal velocity of seaplane, ft/sec 

T    instantaneous draft of seaplane, measured In vertical direction 
from water surface to point of step, for Impact In waves, ft 

t    elapsed time, sec 
V    Instantaneous resultant velocity of seaplane, ft/sec 
W    total weight of test model and apparatus moving vertically, lb 

w    a factor defined by Eq. (U?) 

A    Instantaneous velocity of seaplane, parallel to keel, ft/sec 

9    Instantaneous velocity of seaplane, normal to keel, ft/sec 

z    Instantaneous depth of seaplane measured from point of Initial con« 
tact with water surface to point of step In vertical direction 
(draft for smooth-water Impact), ft 

vll 
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z Instantaneous vertical velocity, ft/sec 

er a factor defined by Eq. (39) 

ß deadrlse angle, deg 

Y effective trim angle 

A seaplane weight, lb 

6 draft-beam ratio, z/b (or T/b) 

C a factor defined by Eq. (33) 

C a factor defined by Eq. (36) 

T) wave elevation, ft 

A wave length, ft 

X keel wetted length-beam ratio, L /b 

X' mean wetted length-beam ratio, described by Eq. (47) 

l* virtual mass-seep lane mass ratio, m An 

£ horizontal distance from wave crest to transom 

p mass density of water, slugs/cu ft 

T trim angle of keel relative to horizontal, deg 

(p phi function, cp(m) «me 

SUBSCRIPTS 

crlt corresponding to transition from chines-dry to chines-wet 
condition 

I values for beginning of interval of Integration 

max at maximum draft,  z-0 

0 initial conditions at water contact,  t-0 

vili 
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INTRODUCTION 

This report covers s study of water Impact of planing surfaces for 

smooth- and rough-water. Impacts of the type Incurred by seaplanes, In 

which the weight of the craft Is sustained entirely (or almost entirely) 

by wing lift, are studied In particular. The Influence of planing sur- 

face warp, or varying deadrise, Is especially considered. 

The present research covers both analytical and experimental work. 

The brief experimental program was conducted In both smooth water and 

In waves of two different lengths, using two available warped planing sur- 

faces, having longitudinal warp rates of 3-deg per beam of length and 

9-deg per beam of length. The tests were not comprehensive In that a 

relatively small number of Initial conditions (trim, glide angle, velocity, 

etc.) were covered, but they provide Information which can be compared with 

results of analysis and from which some Indications of the Influence of 

warp rate can be obtained 

The analysis of seaplane Impact may be carried out along somewhat 

heuristic lines, according to which It Is supposed that the seaplane's 

momentum Is Imparted to a certain mass of water known as the virtual (or 

added) mass, which Is associated with the seaplane during Its contact 

with the water and that, due to the forward velocity of the seaplane, 

some of the momentum Imparted to the virtual mass Is shed behind the sea- 
1      2 3 

plane In the form of a wake. Brown, Smiley, Monaghan and Crewe, and 

others, have developed this analysis for smooth water. In the present 

report the case of landing at an arbitrary position on a wavy sea surface 

Is analyzed according to a similar procedure, taking account of the Influ- 
2 

ence of the waves on the kinematics of the Impact phenomena. Smiley and 
] 

Brown to a greater extent make use of the fact that steady-state planing 

Superior numbers In text matter refer to similarly numbered references 
located In a list at the end of this report. 
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Is a special case of Impact and use planing data to obtain the relation- 

ship between virtual mass and hull geometry. This procedure Is followed 

In this report, using as-yet-unpubllshed data obtained by Brown for the 

warped planes tested. 

A brief comparison of Impact test results with the analytical pro- 

cedures Is made and the agreement for the smooth-water Impacts Is reason- 

able for a model with low warp rate but not as good for a more highly 

warped model. The planing data for the chines-dry condition, which was 

extrapolated from chines-wet tests, Is suspected of being Improperly es- 

timated. This theory has been evaluated for the Initial stages of the 

Impact In waves and reasonable correlation Is nbttlned with the results of 

experiments. The evaluation of this rather complicated theory which takes 

account of the wave kinematics ought to be carried out to obtain complete 

time histories of impact accelerations and to obtain a more complete assess* 

ment of the method's adequacy. 

This work was sponsored by th* U.S. Naval Air Systems Command, under 

Contract NO0600-69-C-1O72, Task Order 1 (OL Project 3631/318). 
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THEORY 

The Impact of a hlgh-tpeed craft, such ai a seaplane, onco the sur- 

face of water entails the Imparting of momentum from the craft to a certain 

(figurative) mass of water known as the virtual  (or added) mass*    Due to 

the forward velocity of the seaplane, some of the momentum Imparted to the 

virtual mass  Is shed behind the craft  In the form of a wake and Is there- 

fore Irrecoverable In, for example,  the seaplane's rebound from the water« 

With this hypothesis.  It Is possible to set up the differential equation 

of motion governing the Impact and.  If the virtual mass can be determined 

for desired cases, to Integrate them* 

A procedure for evaluating the necessary virtual mass which exploits 

the fact that planing Is a particular case of Impact has been developed by 
i 2 

Brown   and Smiley.     Empirical data on planing characteristics of hull 

geometries of Interest are required to fully exploit this concept.    These 

data are fully sufficient for impacts on smooth water but for the rough- 

water case, further analysis Is required*    The results of analysis will be 

outlined first for the smooth-water case with details omitted since they 
1 2 3 are covered elsewhere,  '  " while alternative rough-water modification of 

the theory will be treated separately* 

Smooth-Water Analysis 

The analysis of landing Impacts for two cases,  (a) constant horizon- 

tal velocity component and (b)  constant velocity component parallel  to keel 

during impact, has been presented by Nonaghan and Crewe*      The following 

additional assumptions are made: 

(    I)    The trim remains constant throughout the  Impact* 

( II)     Inertia forces predominate*    Thus, gravity and viscous forces 
are neglected and the loads act normal  to the keel* 

(III)    The float has a weightless mass? that Is,  the weight of the 
float Is supported by wing lift throughout the  Impact* 
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(lv)    The virtual malt It a function of the geometry of the 
float  In contact with the water only; e.g., m   ■ f(z)   • 

( v)    The water surface  It Initially smooth. 

The Impacting float If shown In Fig.  I, together with the symbols 

used In the analysis.   Brown's   analysis, with the symbols and configura- 

tion delineated In Fig.  I»   Is as follows: 

The resultant force .   .(Total  rate of change of momentum 
normal  to the keel y    \ of virtual mass of fluid 

and 

IMM Of  fluid J     {mitr  nott J     lt0 ^^ 

The vertical component of the force due to water Impact Is 

F2 - Fy COST (2) 

The details of the further development of the analysis differ somewhat 

for two alternate cases: 

(a)    constant horizontal velocity» s ■ constant 

or        (b)    constant velocity component parallel  to keel, x ■ constant 

The following differential equation describes the motion: 

. X- . 122-1 4t (3) 
^a      a + i* dz w' 

where   ii    Is the virtual mass, expressed as a fraction of the mass of the 

craft, u - m /m , and the factor   a   has a different value for the two 

cases 

(a) s ■ constant, a ■ SCC'T 

(b) x ■ constant, a - 1.0 * ' 

A solution method adopted by Brown   for this equation Is to make a sub- 

stitution of variables which, for case (a), i ■ constant, becomes: 
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Ut 
p - y/s lint 

p - y/t tint 

Alto, sine« 
i - y itCT - i Unt 

z - (p-1) • UOT 

Then, Eq.   (3) becomtf 

or 
m & /n.i\ ■ ■    Wf*1,—   du 

Integration of Eq. (10) glvet 
p .U 

-log p - J-       - cof8T logdec't 4 ») | 
P «p V0 Ko 

or 
'^o 

ItM vtrtlc«! «cMlentlon I« found at 

/^\( -.r      ^ if    J    dlt 

Tht vertical velocity can be evaluated at 

(5) 

(6) 

(7) 
(8) 

zUe^l weT.     w»T      * * 0' 

(10) 

(II) 

J^V ■ <• *" "^"^ ••               <,2) 

,lef",",9   »w...''"   . (,3) 

«M - ^Po)/«* ^«o.'T)"e'T V* 

o - ^T           ^    ^   1 •                                          <,5> 

(16) 
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»•'[  "v ■ ..1 
Ul*|tCO»'T)"C T    J f-fr4 *>****$ " 07) 

At maximum draft 2 ■ 0, and the corraipondlng addad matt function It ob- 

tained at 

cotaT 

-] 
The preceding analysis yields expressions for the vortical accelera- 

tion, Eq. (16)( and the vortical velocity ratio, Eq. (17), during the 

smooth-water Impact In terms of the Initial conditions and the virtual 

mast only. Thus to determine the loadt and motions during any particular 

Impact at tpeclfled by the Initial conditions. It It only necettary to 

find 

^ - f («) 

In order that the acceleration and vertical velocity may be plotted 

agalntt draft. Where a time bate It needed, the relation between time 

and draft It given by: 

o 

an Integration which It performed graphically from a plot of l/i agalntt 

z • 

The phi-function Introduced In Eq. (13) above It tabulated In Table I, 

taken from Brown*t report, and graphed In Fig. 2, and It may be noted 

that the Inverse phi-function ft two valued, valuet greater than I apply- 

ing to the detcent Into water and those lett than I the ascent, each value 

of p and therefore of virtual matt ... and therefore of draft being en- 

countered twice In an impact. 
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Oet«nnln«tlon Of The Virtual Matt 

The normt I forca on the float can ba derived from Eq. (I) at 

Vv^^ar COiT (20) 

During planing V-i-O  , (Flg. 1 )» to that 

f - VtlnT 

Tha lift, L - F cotT 
y   A. 

and mw- Mm - ^ -Jl 

substituting for V, y, F  and m  In Eq. (3) 
y " 

L tact - vSl^T |fe ^ cotT 

ff     2CA b tln8T cot8T     Lb 
o0 

where Ci    ■ i Lb    fpvV 

substituting the draft beam ratio   6 - z/b    In Eq.  (21) 

» „ I c 
37     2CA   tlnaT cot't       h) 

o 

ü- L =— JV-d6 
2CA, tln8T cotaT   i   Lb 

Urn H  (21) 
«     AVtln8 cot8T 

(22) 

2CAo 

Thus dn/dz may be found from Eq. (21) and a plot of CLb against 6 

obtained from planing data, and i* from an Integration of thlt plot, 

graphical or otherwise, and Eq« (22). 
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Antlytlt For Wav«t 

A straightforward extontlon of Brown1» method of antlytlt to tho 

cat« of landing In wavat may ba constructed by referring the craft motion 

to the weve kinematics. Figure 3 llluttratet the velocltlet end anglat 

at contact on the weve, assuming the Influence of the wave It Ilka that 

of en Inclined body of weter In horlzontel translation. The »lope of 

thlt body of weter mey be taken equal to that of the weve at the location 

of the trantom or ttep of the craft. At an approximation, the virtual 

matt will be assumed to correspond to that obtained In smooth water for e 

similar trantom Immersion and keel wetted length, that It, with trim 

angle corresponding to the sum of the geometric trim angle of the craft 

and the wave tlope evaluated at, tay, the trantom. 

The kinematic conditions for the Impact In wavet are tkatched In 

Fig. 3, where the wave motion It described relative to coordinate trans- 

lating horizontally, but not vertically, with the craft. For the present 

test program, the landings are carried out In head teat to the wave 

celerity, c , It additive to the creft velocity, I , or the relative weve 

tpeed It i + c ; for Undings In following teat, the relative tpaed mutt 

be i-c . The equation of the weve elevation will be taken to be ttmple 

hermonic, 

1 - A cot v\i ♦ OH tl (23) 

et a reetonable approximation of the weve prof I let encountered In the tett 

program, and one which effordt analytic simplicity. 

The batlc equetlon of motion for uniform horizontal velocity It 

similar to Eqt. (2), 

-«■««"{atWGrL./*} (2U) 

The virtue I matt it to be obtained, et mentioned above, from the 

planing date et e function of the trantom Immersion 

T - 6z + 611 (25) 

8 
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where the   6   tyMbol denotes variation within the  Intervel of time start- 
ing from the Instant of first contact of the craft and water, end of the 

"effective" trim angle, 

Y - T - dVdl (26) 

The keel wetted length may be expressed es 

L, - T/(slnT - COST tan dVd«) (27) 

Writing the left side of Eq.  (2*0 In terms of   y , we obtain 

-m? - COS8T[I^V ♦ ft -jfi ♦ ^ *MslnT - COST tan ^)]     (28) 

and since 

f - t COST - A slnT +11 (29) 

and      A COST ■ I - f slnT 

then 

nay - cos8T {ntf * rf [^COST ♦ ^-(9l-V,slnT)ten ^ J-    (30) 

For relatively small amplitude waves (A/A < 1/20) tan dT)/dC v dVd( and, 

substituting appropriate derivatives of Eq. (23)  Into Eq. (30), 

»«here It has been assumed that    If slnTl    Is negligible compared to weve 

celerity   c , which Is certainly valid for typical trim angles and long 

(high speed waves).   Equation (31) may be rewritten as 

where 

-v ■  jPC   (*» - »*) |fc (ja) secTT ♦ jfc       ar 

, . (±c) ^L fecT sln2TT [^ ♦(i^" *] (33) 

A solution method analogous to that adopted by Brown for the smooth- 

water case, described previously, will be employed again, with the 
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tubttltutlon 

p - */l lint (5) 

employed again,  leading to 

. Ll£lUJJ£Sl_*JÜ£   ,     COST A. (3U) 

psfl tint- cp iecaT ♦ (i    dt 

In case   f|   and   c   are zero, at In way of a wave cratt or trough, 

Cq*  (3/»)  It the tame at Eq.  (10) for tmooth water.    Re-arranging tenet, 

- 5lL   . (V* tent - I)dp m     cot't      . ^.-^ 
P-C pa-CP tec't+u 

where 

c-rfBT-^Är«-««»^*] <*> 
The Integration of Eq. (35) can be carried out plecewlte, assuming C and 

?! do not vary within the Interval of Integration: 

• «♦' i   - r ?»+» ^+' 
-ln(p-C)|  - (V* tent-l) f In Bj^ |   - cotaT InUe^t^l   (37) 

P, P| ^1 

where p.^. It sufficiently close to p. that fl , n# and therefore, 

C can be approximated at constants within the Interval. 

This can be reerranged to give 

where 
or - (V* tanT.|)/C (39) 

and the subscript I of the quant It let or and C implies that their 

values et the beginning of the Interval of Integration may be uted 

although, according to the mean value theorem an average over the Inter- 

val may be more appropriate. This solution It not valid when C *0 , In 

which cete the smooth-water solution, Eq. (IS), applies. 

10 
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The vtrtlcal acceleration It given by 

and the vertical velocity ratio It the tame at for tmooth Mater, vli., 

I" "5"^ (,7) 

In thlt case a numerical solution nay be conttructed for a particular 

Impact at tpeclfted by the Initial conditions of the craft and the wave 

by solving Eq. (38) for the virtual matt ifc , for successive Increments 

of the varlabU p • Knowing the virtual mitt» Itt derivative <WdT 

may be obtained and, hence, the vertical acceleretlon from Eq. (M)). 

The corresponding time mey be obtained at 

•xcapt near the Initial contact, when i-O. For thlt very brief duretion 

of the Inltlel Interval 

V^o 
where Tj It the transom Immersion corresponding to the added mitt 
i 
evaluated at the end of the flrtt Increment of p ; 

The vortical heave displacement of the craft at the end of eech In- 

crement may be obtained In two ways, 

I.  i-Jidt (U3) 

and 

«.   »- T(I»HI . YI+,)- n,^ m 

where the values computed from Eqs. (43) end (M») ought to egree or the 

computations performed with smaller Increments of p until they do. 

11 
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N0DBL8 

TWo modelt, having different emountt of deedrite werp, were teited. 

Sketches of these models, both of which have the seme deedrlse et the 

trensom, 10 degrees, ere shown In Fig. *».   Both models ere mode of wood 

end have a sharp-edged metal  Insert at the chine to assure flow separation 

at this location during planing and Impacting.   These models have previously 

been tested to obtain steady-state planing force characteristics In smooth 

water. 

12 

I 



R-ISI** 

TEST PROCEDURE 

Apparatus 

The planing hull models were tested In Tank No. 3 of the Davidson 

Laboratory, using the Impact apparatus sketched In Fig. 5. This apparatus 

consists of a pole» free to move vertically, to which the model Is at- 

tached, and which serves to restrain the model In trim, roll and yaw. The 

apparatus Includes a negator spring: this Is a constant torque device to 

which pulleys of verlous diameter can be attached so that any required 

amount of tension can be put Into an unloading wire ettached to the pole. 

A solenoid operated pin engeges In a series of holes drilled et one Inch 

pitch In the pole. Thus the model can be locked at various heights and 

released when required by energizing the solenoid. The model Is connected 

to the pole through e trim«adjusting device. 

In these tests the weight of the model hull, pole and auxiliary gear 

was supported by the negator spring, so that once given a downward velocity, 

the planing Kill would continue to fall at constant speed to the limit of 

travel of the pole or until the model hit the water.  Initial vertical 

velocities were obtained by raising the pole to e point where the unload- 

ing wire was pulling down, as shown In Fig. 5. Since the tension In the 

unloading wire was W (the total weight moving vertically), the total ac- 

celerating force In this condition wes 2W . Consequently, when the model 

wes released, a constant 2g acceleration was applied until the point of 

attachment of the unloading wire to the pole reached the guide pulleys. 

From this point, a constant velocity wes maintained until the model hit 

the water. By raising the pole to different heights, end thus el lowing the 

constant 2g acceleration to act for varying lengths of time, a range of 

dropping speeds was obtained. 

A wave elevation sensor Is attached to a towing carriage at a distance 

of 78 Inches ahead of the vertical pole. Another wave sensor Is fixed in 

the tank, between the tank sldewail end the model track and near the region 

13 



R-I5IU 

of the tank where the model usually impacted during tests. 

Measuring Techniques 

A continuous record of the height of the model during each run was 

obtained from a heave indicator. The heave transducer signal was carried 

by overhead cable to an oscillograph which recorded the heave-time history. 

A water contact device was arranged so that when the model's keel 

contacted the water, an electric circuit was completed and the resulting 

signal was recorded on the oscillograph tape. 

The vertical velocity at first contact and at rebound from the water 

was obtained by measuring the slope of the heave-time history at these 

two Instants. 

A linear acceieromcter, having a range of ±100g, was used to obtain 

time histories of the vertical acceleration during each run. The natural 

frequency of this accelerometer when filled with damping fluid was about 

200 cycles per second, and damping was 70% of critical. In this condition 

no phase distortion Is introduced and the time lag of the accelerometer is 

of the order of 0002 seconds. The accelerometer signals were fed by over- 

head cable to the oscillograph and recorded in the form of an acceleration- 

time history. 

Flow Observation 

Still photographs of the spray pattern generated by the impact were 

obtained with an objective of coordinating the spray observations with the 

impact osclllograms. The shutter opening was triggered by a switch which 

was actuated when the towing carriage reached a certain position along the 

tank length, several feet after the solenoid operated pin released the 

heave pole. Photographs were obtained at somewhat similar Instants after 

first contact with the water, varying with Initial heave pole height 

(acceleration distance), trim angle, and position of model relative to 

wave profile. 
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Setup 

A photograph of the complete setup It shown In Fig. 6. 

Test Program 

In the test runs the model wes first raised to the required dropping 

height and locked with the solenoid pin. After the carriage reeched a 

steady test speed, usually around 20 ft/scc,a switch actuated the solenoid 

release at a specific position along the length of the tank. The accelera- 

tion, heave and stationary and moving weve wire signals were recorded 

prior to and during the resulting motion. A photograph of the spray pat- 

tern of the Impact was obtained for most of the test runs. Trim engles 

varied from 2 to about 6 degrees while glide-path angles verled from about 

9 to 15 degrees. The dropping weight from Model 1 wes 19.6 lbs while that 

for Model 2 was 3^.2 lbs, the difference being due to the greeter masslve- 

ness required for rigidity of the hlgh-warp model. 

Impacts on various positions In the oncoming wave profile were af- 

fected by repeat runs started et slightly different phases of the station- 

ary wave wire signal. Reguler weves wore used throughout these tests. 

Precision 

The test parameters were set with the following precision: 

Weight - ±0.10 lb 

Trim ■ ± 0.2 deg 

The meesured quantities were determined with the following precision; 

Horizontal Speed ± 0.03 ft/sec 

Initltal Vertical Velocity ±0.1 ft/sec 

Maximum Vertical Acceleration ± 0.6 ft/sec8 

Time to Maximum Acceleration ± 0.01 sec 

Maximum Draft ±0.02 ft 

Wave Elevation ± 0.01 ft 

Weve Period ± 0.01 sec 
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While static calibration of the accelerometer Indicated a precision 

of the order of ±3 ft/sec3. It was found that when the accelerometer was 

mour.ted on the carriage and run at test speeds, a MnolseM signal having 

an amplitude of around 10 ft/sec3 was picked up which lowered the precision 

with which the peak and other acceleration characteristics could be de- 

termined. No quantitative estimate of the probable experimental error of 

the results has been made. 
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PLANING DATA FOR VIRTUAL MASS 

The theoretical Justification foi* using steady planing data for the 

evaluation of the virtual mass which Is necessary In the  Impact analysis 

has been given above.   Appropriate data for particular hull  geometries 

must be adapted for numerical evaluations of the analytical  results* 

There are, to be sure, a large number of formulations describing 

planing lift which could be employed, most of which are rather limited In 

range of applicability (type of geometry, trim angle, speed, etc*)*    For 

landing Impacts of seaplanes, data and formulations for high-speed planing, 

where buoyant lift Is negligibly small, are appropriate*    Two distinctive 

phases of planing of deadrlse surfaces may be distinguished:    "dry-chine" 

and "wet-chine" characterized by the Illustrations of Figs* 7a and 7b* 

Flat plate, or zero-deadrlse surfaces exhibit some other Interesting plan- 

ing features but hulls of this geometry are not common and we may consider 

only the two abovementloned phases* 

Brown   has Investigated the low wetted length, or chines-dry, plan- 

ing condition, using data available In 195^* This phase Is, of course, of 

crucial   Importance to the seaplane landing analysis where the craft enters 

the water from the air, an all dry condition*    Brown1 s analysis    leads to 

a relatively simple expression for the planing lift of a wedge with con- 

stant deadrlse angle, 0 * 

CL    ■ 3*66a slnt cosT(l-slnT) cotaP (^5) 

The principal  theoretical assumptions leading to the form of this expres- 

sion are that the lift Is directly proportional  to the area below the still 

waterllne and that the lift coefficient based on area Is   proportional  to 

the square of the sine of the trim angle (as for extremely low aspect 

ratio wings, see Milne-Thomson )•    The factors 3*6 and  (l-slnr) are em- 

pirical, and It may be noted that very little new low-wet ted-length planing 

data have been published In the time since Brown's 195^ report* 
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For dilnei-wet planing» Brown   hat recently developed Improved 

formulae for planing lift» bated on Shuford't    theoretical analytlt 

and new data developed at Oavldton Laboratory for constant deadrlte plan- 

ing surfacest which for very high tpeedt reduce to 

CLb - .785 tln2T eofT[(1-tln|)Xl/(ml)4> MW tln2T cotß]       W 

where 

with 

and 

X1-   X ♦ 0.03 - 0.5w - 0.1 exp [-(X-w)/.03] 

w - (0.37 ♦ 0.0010) (tan0/2tanT - 0.006ß) (k?) 

6 -   X tlnT 

the exponential  term It only significant for chine wetted lengths lett 

than one beam. 

For the Impact study the transition from chines dry to chines wet» 

planing It Important Inasmuch at most Impacts entail tome chine wetting. 

It has been found' that the "critical" wetted length corresponds to the 

condition when the still waterllne passes through the chine point (see 

Fig. 7a)» so that 

Xcrlt " I cotT tanß W 

In the present work the Influence of varying deadrlse» or warp»  Is 

to be studied» and Impact tests have been carried out with two models» 

both of which  Incorporate warp.   Experimental planing data have been ob- 

tained for these hulls as part of a different Investigation and are 

plotted In the form of   C|.    versus transom draft for the high warp and 

low warp hulls In Figs. 8 and 9«    The data presented are for the highest 

test speed» V"^7gb  » where static lift due to buoyancy Is unimportant« 

A brief comparison of the Influence of warp on the planing data» both for 

chines-wet and for chines-dry conditions will be presented. 

First»  It may be noted that there are practically no data for these 

warped hulls In the chines-dry regime.    It has been assumed that the lift 

In this range  Is proportional to the square of the draft» as In Eq.  (45)» 

passing through the curves of chines-wet planing data at a draft correspond* 

Ing toXcr|t given by Eq.  (48)» where the transom deadrlse angle» ß   »  Is 
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10 degrees.    The trim angle dependence It not quite like that given for 

unwarped hulls In Eq*  (45). but Is obtained from the empirical curves. 

Equations describing this lift data have not yet been developed but are 

not necessary for the extent of computational work to be undertaken for 

this report* 

A comparison of the lift data for hulls having transom deadrlse 

of 10 degrees« 6-deg trim and various warp rates Is shown In Fig. 10. The 

equations for the unwarped planing lift for chines-dry and chines-wet 

conditions, Eqs.  (J»5) and  (46), respectively, do not agree for the critical 

wetted length given by Eq*  (48).    Inasmuch as these formulations were de- 

veloped at different times, and based or« different data, It Is not remark- 

able that the relatively minor discrepancies occur*    It may be preferred to 

modify the empirical  factor of Eq*  (45) so that the chines-dry lift agrees 

with the chines-wet lift at the critical wetted length. I.e., change 3*6 

to 3*05 so that   C|.■ «07    at  6 ■   .0876*    The effect of warp rate on CK 

deserves comment:    It has been found that the lift coefficient based on 

wetted area Is slightly greater for the low warp plane than for no warp 

and much greater for the high warp plane*    For a given draft, or keel 

wetted length, the wetted area of the warped planes Is, however, sub- 

stantially less than for the non-warped hulls* This effect overbalances 

the higher lift coefficient for the low warp hull and partially balances 
Q 

It for the high warp hull*    Eng's analysis    for chines-dry planing suggests 

that   C(.    should be somewhat Increased by warp for this case but the re- 

sults exhibited In Fig* 10 do not show this*    This may be associated with 

dependence of wetted area, and especially of the "critical" wetted length, 

on the warp*   For the present report this small discrepancy will not be 

further Investigated*    The planing data of Figs* 8 and 9 will be used to 

represent the Influence of the two warp rates and the critical wetted 

length given by Eq*  (48) will be used to evaluate the chines-dry planing 

performance* 
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RESULTS AND DISCUSSION 

By inspection of the betlc dlfferentlel equettons governing the Im- 

pact, Eq. (3) for  smooth Meter end Eq. (32) for waves, some useful Insight 

Into the eerly Steges of the Impect cen be gleened. Note thet acceleration 

Is proportional to the product of f3 - (i COST ♦ i  slnT)a end <Wd6 , 

end thet, in the earliest phese of Impact, i    remains relatively uniform. 

Consequently, since for chines-dry planing C|. • and therefore <Wd6 , 

Is proportional to 6a, and 6 Is proportions! to time, the acceleretlon 

can be expected to rise es the square of the time. The steepness of the 

rise Is of interest end depends on trim (eccordlng to Eqs. (22) and (U5)) 

In proportion to cosaT(l-sinT)/s nT, so that higher trim engles tend to 

reduce the contribution of d^/d6 to the rete of acceleretlon rise, it 

elso eppears to depend on cota0 , thus favoring high deadrlse, and in- 

versely on C^ • suggesting the advantage of high beem loedlng. The in- 

fluence of trim on acceleration rise Is strongly felt In the dependence of 

y3 on 4 slnT , end low trims are generally prefereble. A slow, flet 

glide Is preferred, in accordance with Intuition In this matter. The In- 

fluence of werp rete cannot be clearly singled out beceuse of the leek of 

sufficient chines-dry plenlng data for these hulls, but, tentatively, the 

chines-wet lessons may be considered; that a little werp reduces the 

Initial rise of acceleration while substentlel wa-n mey Increase It. 

For the Impact In waves, e highly signlflcent espect Is the effect of 

wave motion on the rete of penetration Into water. In the Initial stages 

when vertical velocity Is essentially constant, the trensom draft and, 

hence, dU/d6 , will Increase more or less repldly depending on whether the 

weter surface at the locetlon of contact Is rising or falling. For steep 

weves especially, f| « - ^]p (4 ± c)sin 2TT [J^ + Li | c/ t] may be of com- 

pereble magnitude to the vertical velocity of the craft. 

The lessons to be extrected from the Initial stages of the Impect 

are, unfortunetely, of limited value since the maximum ecceleratlons occur 
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when the vertical velocity has changed eppreclebly from Its Initial value, 

the virtual man fraction t* hat become significant and the chines may 

heve become Immersed. Nonetheless, the steepness of the rise of accelera- 

tion may be expected to be related to the peak acceleration, end Is of 

Interest In Its own right. 

Smooth-Water Results 

Figure II shows a comparison of theory end experiment for the smooth- 

water Impact of the high warp-rate model for e particular set of Initial 

conditions, viz., glide engle, trim, etc. The theoretical calculations 

heve been carried out according to Eqs. (16), (17), and (19), using the 

planing data (for virtual mass) as shown In Fig. 8. A photogreph showing 

the development of the planing spray, taken near the Instant of peek ac- 

celeration, Is shown elong with the osclllogrephlc time history of accel- 

eration end heeve. It may be noted thet the peek acceleration occurs neer 

the time et which chine wetting occurs. The acceleration time history 

prediction Is about twice the experimentally measured result; e slight 

time leg of the experiment following the theory Is et leest partly due to 

eccelerometer response lag. The difference between theory end experiment 

Is felt to be due to Inedequete definition of planing lift date, especially 

for the vital chines-wet condition. The observed discrepancy between 

theoretical and experimental heeve motion Is In line with the differences 

In acceleration. 

Comparisons of theory end experiment for the low warp rate plane ere 

shown In Figs. 12 and 13 for two sets of Initial conditions. The planing 

date of Fig. 9 was used for the calculations and, again, the peek accelera- 

tions occur near the time et which chine wetting occurs. This coincidence 

Is not expected to be valid for ell impacts Insplte of Its arising for the 

three cases of Figs. 11, 12 end 13. For the low werp rate hulls, the 

theory predicts peek Impact accelerations about 30 percent higher then ere 

experienced, with the experiments egeln showing e slight time leg. The 

calculated heeve motion Is less then the measured for these cases also. 

The case of Fig. 12, with higher trim then the case of Fig. 13. Has a 

somewhat steeper glide path, and the Impact loading Is also somewhat 

higher. 
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Wave Tests 

Landings Mere made In regular waves of two different periods, or 

lengths, 1.00 sec (A-61.5 In) and I.M) sec (AH70.5 In). The wave steep- 

ness, or maximum slope, was approximately the seme for all tests, verylng 

over the range from 5.5 deg to 6.6 deg. The landing direction was always 

towards the oncoming waves. 

For a given trim angle end glide path the presence of waves generally 

produces a decidedly unfavorable Increase In the Impact loadings, es- 

pecially for landings against an oncoming wave front. For landings on the 

receding side of the wive, where the water elevation Is falling. It Is 

possible to obtain less than smooth-weter Impacts, but to achieve this type 

of landing Is not eesy since for any glide path the "window for landing on 

the rising wave face Is much wider than the "window" for landing on the 

falllng-away face (see sketch). 

"WINDOW" FOR 
FALLING-AWAY 
WAVE FACE 

A sequence of landings at different positions on the oncoming wave 

front Is Illustrated In Fig. I^f. Here the osclllograms of acceleration 

•re shown for severel landings In waves of length A - 120.5 Inches of 

the low-warp plane, et k deg trim and with glide angle (arctan z/s) be- 

tween 10.6 end 12.7 4eg. Also shown are photographs of the spray pattern 

obtained during some of these Impacts. The variation of the peek accel- 

eration with the location of Initial contact with the wave Is very great 
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Indeed, emphasizing the Importance of cerefully considering the Influence 

of weves on landing. For the tests shown, the trim angle Is less then the 

maximum wave slope; consequently, the Implicit assumption that the transom 

point contacts the water first may be violated. (Alternately, the effec- 

tive trim angle v " T- dVd( ma/ be negative, e case for which planing 

data and therefore added mass Information cannot be obtained by the pres- 

ent techniques.) For some Impects, through the 'Vrindow" for felllng-ewey 

wave face for Instance, the theory should still describe the Initial stages 

of Impact, until the advance of wave end hull results In the forwerd pert 

of the plene being burled In the oncoming weve (V £ 0). 

Figure 15 shows peak acceleration velues for severel other sets of 

Impacts, Including the high warp plane In weves of length A ■ 120.5 In. 

and 61.5 In. and the low warp plane In waves with A ■ 61.5 In. The trim 

angle T of ^ deg In all cases Is ageln less then the maximum wave slope. 

It Is also apparent for these cases that the effect of the weve Is greet. 

It appears to be of greater significance for the low warp plane than for 

the high werp plene: From Figs. IU end 15, It can be seen that the ratio 

of the greetest peek acceleration for landing In waves to the peak accel- 

eration for landing In smooth water is about 10.5/3.1 ■ $•** for the low 

warp plane end only 5.5/2.2 ■ 2.5 for the high werp plene. These results 

depend, of course, on model displacement, glide path, trim angle, end wave 

length end steepness, so that a generally applicable rule cannot be given 

on the basis of the experimental results alone. 

The calculation of Impact In waves according to the theory (of Eqs. 

(17) and (38)-(Mf)) hes not been accomplished et the present time. Some 

evaluations of the very eerly Steges of the Impact, using the basic 

differential Eq. (32) derived taking account of wave kinematics, have been 

carried out for cases where T - dVd( > 0 . Results ere shown for cases 

of both high end low werp planes in Fig. 16, along with experimentally- 

recorded oscl1lograms. The agreement between theory end experiment In- 

dicates the probable validity of the derived differential Eq. (32). 

Further analysis and numerical evaluation of the solution for the 

complete time history should be carried out. The analysis, in fact, should 

be extended to permit assessment of certein other influences, the most 
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significant ot' which ar« the affect of partial wing support of the air« 

craft and the possibility of rotational (pitching) motion of the craft 

occurring during, but not necessarily due to, the Impact. 
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CONCLUSIONS AND RECOMMENDATIONS 

Study of water Impact of planing surfaces has been carried out along 

the lines of Brown's analysis procedure. The analysis has been extended 

to the case of landing In waves by taking account of the wave kinematics 

In the development of the differential equation of motion. Experiments 

have been conducted with two models having different amounts of warp or 

longitudinal variation of deadrlse. Planing data are used to derive 

virtual mass Information which Is needed In the evaluation of the theory. 

For smooth water impacts the analysis, together with the planing data 

for added mass, suggests that Increased warp rate tends to increese the 

rate-of-acceleratlon rise and. probably, the peak acceleration, for craft 

of equal displacement. Comparison of Impact tests with analytical results 

for smooth water Indicate that the planing data for the high warp rate 

model give added mass values which are too high for the chines-dry case. 

Since this Information was obtained by extrapolation from chines-wet 

planing data, It Is uncertain anyway and ought to be obtained by special 

chines-dry planing tests with variable deadrlse surfaces. Comparison of 

theory and experiment for Impact tests of the low warp rate model are In 

better agreement, but suggest that the chines-dry added mass Is somewhat 

overestimated by the extrapolated planing data for this surface too. 

Experimente I results reveal the great Importance of the waves on the 

peak Impact accelerations and their time histories. The position on the 

wave at which the craft contacts the water is crucially Important and 

while landing against a rising wave face increases the peak acceleration 

drastically, the accelerations experienced in landing on the falllng-away 

wave face can be less than those for landing In smooth water.  It Is in- 

tuitively clear that landing against a rising wave face Is more likely to 

occur than landing on a falllng-away wave face, however. 

Complete calculations for impact In waves have not yet been carried 

out. Some evaluations of the early stages of the Impact, before the 

vertical velocity begins to change significantly, indicate reasonable 

25 



. ..       ||t|| i i .       ' .. t- j ; 

R-I5IU 

correlation with the experimental otciiiograms, suggesting that the dif- 

ferential equation derived taking account of wave kinematic» may be 

appropriate. The trim angle of the craft relative to the horizontal ought 

to be greater than the maximum wave slope In order to avoid "flat-bottom" 

slamming onto an oncoming wave front and attendant high Impact accelera- 

tions. 

It Is recommended that calculations according to the derived theory 

be carried out for the complete time history of landings In waves. The 

analysis ought to be extended to include only partial wing lift and the 

occurrence of pitching motion of the craft during, but not necessarily 

due to, the impact. 
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TABLE  I 

2 3 k   .        5 6 7 8 9 

0 
0.10 
0.20 
0.30 
0.<*0 

0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
I.UO 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.M) 

2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.M) 
3.50 
3.60 
3.70 
3.80 
3.90 
U.O 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 

2202.7 
29.683 
8.1*096 
<*.8;30 

3.69^5 
3.1767 
2.9209 
2.7923 
2 73l*0 

2.1783 
2.7303 
2.7612 
2.8055 
2.8598 

2.9216 
2.9892 
3.06M 
3.1372 
3.2161 

3.2971» 
3.3809 
3.'»660 
3.6U06 

3.7296 
3.8195 
3.9?03 
14.0019 
k.09k\ 

U.1868 

'♦.3739 
kMB\ 
'♦.5626 

'♦.6575 
^.7527 
'♦.8^82 
«♦.9^39 
5.0399 
5.1361 
6.1070 
7.0882 
8.0750 
9.0652 
10.058 
11.052 

«♦.6993 
3.6235 
3.1U26 
2.9036 
2.7839 
2.7308 

2.718U 
2.7326 
2.7651 
2.8106 
2.8657 

2.9281 
2.9962 
3.0691 
3.1^50 
3.22M 

3.3057 
3.3893 
3.U736 
3.6U9U 

3.7385 
3.8286 
3.9195 
(♦.Olli 
«♦.1033 
U.^l 
^.2895 
«♦.3833 
'♦.'♦775 
«♦.5721 
«♦.6670 
'♦.7622 
'♦.8577 
'♦.9535 
5.0^95 

'♦.5'»2'*  '♦.UOOO  '♦.2706 
3.5578 
3.1108 
2.8875 
2.7761 
2.7280 

2.7188 
2.7351 
2.7691 
2.8157 
2.8716 

2.93^7 
3.0033 
3.0763 
3.1528 
3.2322 

3.31^0 
3.3978 
3.W32 
3.6583 

3.7U75 
3.8376 
3.9286 
'».0203 
U.I 126 

«♦.2055 
«♦.2988 
«♦.3927 
'♦.'»869 
«♦.5816 

«♦.6765 
«♦.7718 
«♦.8673 
«♦.9631 
5.0591 

3.U970 
3.0807 
2.872'» 
2.7690 
2.7256 

2.7195 
2.7379 
2.7733 
2.8209 
2.8777 
2.9U13 
3.010U 
3.0638 
3.1606 
3.2U03 
3.3223 
3.U062 
3.U919 
3.6671 
3.7565 
3.8'»67 
3.9377 
'♦.0295 
«♦.1218 

'♦.3082 
'♦.'♦021 
'♦.U96i» 
«♦.5910 
'♦.6860 
«♦.7813 
«♦.8769 
^.9727 
5.0687 

3.M^7 
3.0533 
2.858U 
2.7625 
2.7236 
2.7203 
2.7M)7 
2.7775 
2.8262 
2.8837 
2.9U80 
3.0176 
3.0913 
3.168U 
3.2WU 

3.3306 
3.MU7 
3.5005 
3.6760 

3.765U 
3.8558 
3.9U69 
^.0387 
«♦.1311 

k.llkl 
^.3176 
«♦.«♦115 
»♦.5058 
U.ÖOOS 

^.6955 
^.7909 
k.sm 
'».9823 
5.0781» 

'♦.1525 

3.3881» 
3.0173 
2.8U52 
2.7565 
2.7219 
2.7215 
2.7U38 
2.7819 
2.8316 
2.8899 
2.95W 
3.02W 
3.0989 
3.1763 
3.2565 
3.3389 
3.U232 
3.5092 
3.68U9 
3.77^ 
3.86W 
3.9560 
'♦.OU79 

'♦.233'» 
'♦.3269 
'♦.'♦209 
«♦.5153 
k.em 
«♦.7051 
4.800'» 
«♦.8960 
k.n\9 
5.0880 

l*.(M6 

3.3)97 
3.0031 
2.8330 
2.7510 
2.7206 

2.7228 
2.7^9 
2.786U 
2.8371 
2.8961 

2.9615 
3.0320 
3.1065 
3.18U2 
3.26U6 

).3U73 
3.U318 
3.5178 
3.6938 

3.783U 
3.8739 
3.9652 
4.0571 
l». 1497 

4.2428 
4.3363 
4.4303 
4.5247 
4.6195 

4.7146 
4.6100 
4.9056 
5.0015 
5.0976 

3.9457 

3.2946 
2.9804 
2.8217 
2.7461 
2.7196 

2.7244 
2.7503 
2.7911 
2.8427 
2.9024 

2.9684 
3.0393 
3.1141 
3.1922 
3.2728 

3.3556 
3.4403 
3.5265 
3.7028 

3.7924 
3.8830 
3.9743 
4.0663 
4.1589 

4.2521 
4.3457 
4.4398 
4.5342 
4.6290 

4.7241 
4.8195 
4.9152 
5.0111 
5.1072 

3.8550  3.7715 

3.2525 
2.9592 
2.8111 
2.7416 
2.7188 

2.7261 
2.7538 
2.7958 
2.8483 
2.9087 

2.9753 
3.0466 
3.1218 
3.2001 
3.2810 

3.3640 
3.4489 
3.5352 
3.7117 

3.8015 
3.8921 
3.9835 
4.0756 
4.1682 

4.2614 
4.3551 
4.4492 
4.5437 
4.6385 

4.7336 
4.8291 
4.9248 
5.0207 
5.1168 

3.2133 
2.9394 
2.8013 
2.7376 
2.7184 

2.7281 
2.7574 
2.8006 
2.8540 
2.9151 

2.9822 
3.0540 
3.1295 
3.2091 
3.2892 

3.3724 
3.4574 
3.5439 
3.7026 

3.8105 
3.9012 
3.9927 
4.0848 
4.1775 

4.2708 
4.3645 
4.4586 
4.5531 
4.6480 

4.7432 
4.8386 
4.9343 
5.0303 
5.1265 

28 
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R-ISIU 

GUIDE PULLEYS 

HEAVE INDICATOR 

SOLENOID 

UNLOADING WIRE 

NEGATOR   SPRING ASSEMBLY 

GUIDE PULLEYS 

HEAVE POST 

ACCELEROMETFR 

TRIM ADJUSTMENT DEVICE 

PLANING HULL MODEL 

FIG. 5.      SCHEMATIC OF IMPACT APPARATUS 



R-15^ 

IMPACT  APPARATUS 

HIGH WARP-RATE MODEL 

-TRIM ADJUSTMENT DEVICE MOVING WAVE WIRE- 

FIG. 6.     PHOTO OF APPARATUS AND TEST SET-UP 



STILL WATER LINE 

(A) CHINES-ORY PLANING 

(B) CHINES-WET PLANING 

FIG. 7.    GEOMETRIES OF PLANING CONDITIONS 
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8.Z/b« TRANSOM DRAFT/BEAM 

FI6.8.      PLANING LIFT DATA FOR LOW WARP RATE HULL 
(5DEO./BEAM) 
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R-151U 

PHOTO SHOWING SPRAY 
AT TIME INDICATED 

TIME.SEC 

HIGH WARP PLANE  (TEST RUN 30) 
TRIM = 5 DEGREES 
HORIZONTAL VELOCITY, S =20.40 FT/SEC 
INITIAL VERTICAL VELOCITY, Z0 «4.33 FT/SEC 

A0x 34.2 LBS 

FI6.II.     COMPARISON OF THEORY AND EXPERIMENT FOR SMOOTH 
WATER   IMPACT OF PLANING SURFACE. 



R-1514 

TIME,SEC 

LOW WARP PLANE (TEST RUN 8) 
TRIM = 5 DEGREES 
HORIZONTAL VELOCITY, S «20.20  FT/SEC 
INITIAL VERTICAL VELOCITY,  2«, - 5.17 FT/SEC 

A0'I9.6 LBS 

FIG. 12.     COMPARISON OF THEORY AND EXPERIMENT FOR SMOOTH 
WATER IMPACT OF PLANING  SURFACE. 



R-I51U 

LOW WARP PLANE  (TEST RUN 9) 
TRIM-sZ DEGREES 
HORIZONTAL VELOCITY, S s 20.20 FT/SEC 
INITIAL VERTICAL VELOCITY, i0 «4.20 FT/SEC 

A0 = I9.6 LBS 

FIG. 13.     COMPARISON OF THEORY AND EXPERIMENT FOR SMOOTH- 
WATER IMPACT OF PLANING SURFACE. 
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LOCATION OF TRANSOM 
AT TIME OF INITIAL 
CONTACT WITH WATER 

/ 

WAVE PROFILE 

J        I        I L_J L 

APPROX^PEAK 
ACCEL FOR 
SMOOTH WATER 

•—-I 

A^oV 

FIG. 14.     LANDING  IMPACTS   IN WAVES 
TRIM = 4DEG, GLIDE ANGLE-10.6 TO 12 7 DEG 



MODEL 

R-1514 

GLIDE ANGLE       TRIM So 

O HIGH WARP 120.5 IN. II.2-I3.I OEG. 4 DEG. 34.2LB. 20.2 FT/SEC 
Q HIGH WARP 61.5 IN. M.5-I2.2DEG. 4 DEfc 34.2LB. 20 4 l-T/SEC 
A    LOW  WARP     61.5 IN.   I0L9-II.5DEG.   4 0E6    I 9.6LB. 20.4 FT/SEC 

APPROXIMATE PEAK ACCELERATION 
FOR SMOOTH WATER 

FIG. 15.     LANDING IMPACTS IN WAVES 



1 
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EXPT- 
EXP T 

I    I tft 

RUN 16 
T« 6 0E6 
dn/de*-9.IOE6 
GLIDE AN6LE>II.3DE6 

I   I   I   I   I    I    I 
0.01 SEC 

I  THEORY 

RUN 17 
T« 6 DEG 
d^/de«-9.IDEG 

GLIDE ANGLE« 11.9 DEG 
l^l   I   I   I    I   I    I    I   I   I    I 

LOW  WARP MODEL 

i 
0.9 g 

T 

THEORY 

EXP'T 

III! 

RUN 91 
T' 4 DEG 
dn/de =-5.8 DEG 

GLIDE ANGLE-13.1 DEG 

Ts 4 DEG 
d^/de =0.2 DEG 
GLIDE ANGLE = M.2 0E6 

L-LilU     ■   I    ■    »    t    I    I 

NOTE: « MODEL CONTACTS 
WATER 

HIGH WARP MODEL 

FIG. 16.     TIME HISTORIES OF LANDING IMPACTS IN WAVES. COMPARISON 
WITH THEORY FOR INITIAL STAGES OF LANDING (EQ. 32 WITH 
y«CONST.) 4»20.4 FT/SEC   A«I20.5 IN. FOR ALL. 


